has recently become a mainstay of a primary treatment modality in advanced head and neck squamous cell carcinoma (HNSCC), some of the patients experience CCRT failure. If we can predict the CCRT outcomes, we can reduce unnecessary CCRT avoiding risk of CCRT-related complication. We aimed to identify genetic alteration markers related to treatment failure in HNSCC patients who underwent radical surgery and CCRT. Genome-wide copy number alterations (CNAs) were analyzed in 18 HNSCC patients with (n=9) or without (n=9) recurrence using oligoarray-comparative genomic hybridization and candidate CNAs were validated by quantitative RT-PCR. A total of 15 recurrently altered regions (RARs) were identified in the 18 HNSCC cases. Among them, two RARs were significantly associated with CCRT-failure: copy number gained RARs of 7p11.2 harboring EGFR (P=0.029) and 18p11.32 harboring TYMS gene (P=0.029). Three RARs (7p11.2, 9p21.3 and 18p11.32) were significantly associated with poor disease-specific survival in univariate analysis, and 7p11.2 was consistently significant in the multivariate analysis (HR 40.68, P=0.003). In conclusion, we defined novel genomic alterations associated with CCRT-failure: 7p11.2 (EGFR) and 18p11.32 (TYMS). Our results provide useful clues for the elucidation of the molecular pathogenesis of HNSCC and to predict CCRT-failure.
Introduction
Head and neck squamous cell carcinoma (HNSCC) is one of the aggressive malignancies and a majority of the HNSCC patients belong to advanced stage with less than 50% of long-term survival (1) . Treatment of advanced-stage HNSCC has undergone substantial changes in recent years. Combined modality treatments including radical surgery and various regimens of concomitant chemoradiotherapy (CCRT) have been used to improve locoregional control and distant metastases of the cancer (1) . However, even though CCRT has recently become a mainstay of a primary treatment modality in advanced HNSCC, some of the patients may experience cancer recurrence and CCRT protocols can lead to some serious complications such as swallowing dysfunction resulting in permanent gastrostomy tube dependence (2) . Therefore, if we can distinguish the patients who would benefit from CCRT after the surgery, from those that will not, before applying it, we would reduce unnecessary CCRT thus avoiding risk of CCRT-related complication.
Several molecular-genetic factors have been suggested to be potentially contributing to the resistance to CCRT. For example, CCRT-resistant HNSCCs showed a high rate of p53 aberrations and increased expression of MDM2, which confers tumor cell survival after CCRT-induced cytotoxic stress (3, 4) . Expression levels of hMLH1 and RKIP were also reported to be predictive of responsiveness to CCRT in head and neck cancers (5, 6) . Clinical factors such as the serum LDH and hemoglobin levels have been suggested as prognostic factors after CCRT (7, 8) .
Chromosomal copy number alteration (CNA), both amplification and deletion, is one of the hallmarks of cancer including HNSCC. Amplifications of the genes involved in detoxification of chemotherapeutic agents or deletions of the genes involved in DNA repair have been reported to Chromosomal aberrations and prognosis in patients with concomitant chemoradiotherapy for resected head and neck cancer be associated with CCRT-resistance (9) . More specifically, gains of 3q11-q13, 3q21-q26.1 and 6q22-q27, and losses of 3p11-pter and 4p11-pter were reported to be significantly associated with CCRT resistance in HNSCC by comparative genomic hybridization (CGH) analysis (10). However, due to its limited resolution, the information from CGH analyses has not been detailed enough to identify the causative genes. Two genome-wide analyses, microarray based CGH (array-CGH) and next generation sequencing (NGS), are currently the best tools with much improved resolution for detecting CNAs precisely. In terms of detecting CNAs, it is widely accepted that array-CGH is relatively more matured and cost-effective technology than NGS (11) . However, there has been no report exploring CNA profiles in HNSCCs with CCRT and their prognostic implications through high resolution array-CGH.
To explore genetic alterations predicting the responsiveness to radical surgery plus postoperative CCRT in HNSCC patients, we analyzed the CNAs across the whole genome using oligoarray-CGH for the HNSCC patients who had been administered postoperative CCRT.
Materials and methods
Patients and tumor samples. We retrospectively selected 18 patients who were diagnosed with HNSCC and underwent primary tumor resection and neck dissection followed by CCRT at the Department of Otolaryngology-Head and Neck Surgery from April 2008 to June 2012. Tumor stage was determined according to the standard tumor-node-metastasis classification of AJCC guidelines (7th edition). Frozen tissues (tumor and adjacent normal tissue pairs) were obtained from the patients with previously untreated HNSCC. Indications for adjuvant CCRT are as follows: positive or close margins found on the resection, advanced T stage, lymphovascular invasion, perineural invasion, multiple nodal metastasis, or extracapsular spread. All 18 HNSCC patients received postoperative radiotherapy (RT) that consisted of conventionally fractionated doses of 1.8-2 Gy each in five weekly sessions. A volume including the primary tumor site and all the draining lymph nodes at risk received a dose of 50-55 Gy. Regions that had an inadequate resection margin, extracapsular nodal spread or the initially involved lymph node area were boosted up to 65 Gy. The patients received chemotherapy that consisted of 100 mg cisplatin/m 2 of body-surface area on days 1, 22 and 43 during RT or weekly 30 mg cisplatin/m 2 of body surface area. The Institutional Review Board of Seoul St. Mary's Hospital approved the retrospective review of the medical records and the use of archived tumor specimens.
Array comparative genomic hybridization. For array-CGH analysis, 10-µm-thick frozen sections of tumor cell-rich areas (>60%) were microdissected. Genomic DNA was extracted from these sections using a DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany). The Agilent SurePrint G3 Human CGH Microarray kit, 4x180K (Agilent technologies, Santa Clara, CA, uSA) was used for the array-CGH analysis. This array contains 180,880 probes with a median probe spacing of 13 kb. The array hybridization procedure was performed as described elsewhere (12) . In brief, 1 µg of genomic DNA (gDNA) from tumor tissue was labeled with Cy5-dCTP and 1 µg of gDNA from paired normal tissue with Cy3-dCTP. After purifying the labeled product by using Amicon ultra-0.5 centrifugal Filter Device (Millipore, Billerica, MA, uSA), the labeled DNA was applied on the Agilent 4x180K array with the blocking agent (Agilent technologies, Santa Clara, CA, uSA) containing 50 µg of human Cot-1 DNA (HybMasker, ConnectaGen, Korea). Array slides were incubated for 24 h at 65˚C in the hybridization oven. After the hybridization, the arrays were washed with wash buffer 1 and 2 according to the manufacturer's protocol and scanned using High-Resolution Microarray Scanner (Agilent technologies).
Determination of CNAs and recurrently altered regions.
Microarray hybridization images were analyzed with Feature Extraction Software version 10.7.3.1 using CGH-107-Sep09 protocol for normalization as described previously (12) . Data quality was assessed using CGH_QCTM_Sep09 QC metric set. Only the data that passed the quality check (in good or excellent range) was used for CNA calling. CNAs of samples were defined using the ADM-2 algorithm in Agilent Genomic Workbench Lite Edition 6.0 software (Agilent technologies). CNAs were defined using the following criteria; a minimum number of probes in region=3, a maximum number of probes in aberrant region=100,000, a signal intensity ratio of >0.3 in log 2 scale for gains, and of <-0.3 in log 2 scale for losses. High-level amplification was defined as a probe signal intensity ratio of 1 or higher in log 2 scale. Likewise, a homozygous deletion (HD) was defined as a ratio of -1 or lower in log 2 scale. After defining CNAs, recurrently altered regions (RAR) were defined using the CNVRuler program as chromosomal segments consisting of multiple overlapping CNAs found in ≥30% of the samples (13) .
Real-time quantitative PCR (qPCR) analysis.
We performed qPCR validation of candidate RARs using the gDNA extracted from 18 pairs of head and neck cancer/normal tissues. As a diploid internal control, we used a genomic region on chromosome 13 (13q32.1) which was observed to have no genomic alteration in the array-CGH data. Sequence and location of primers used for the genomic qPCR experiment are as follows. RAR-G2 (7p12.1-p11.2 containing EGFR) forward, TTTGCC AAGGCACGAGTAA and reverse, CAAGGACCACCTCAC AGTTATT; RAR-G8 (18p11.32 containing TYMS) forward, ATGTGGTGAACAGTGAGCTGTCCT and reverse, AATCA TGTACGTGAGCAGGGCGTA; RAR-L4 (9p21.3 containing CDKN2A/B) forward, TTTGGAGGACAAGCTGGTGCA ATG and reverse, TCCCAGATGAGGACAATGAGGCAA; Diploid control (16p12.2), forward, GACCTACCCACTTTCA ACTCTG and reverse, CTCTCCAAGCGCAAGGTATT. Genomic qPCR were performed using ViiA 7 Real-Time PCR System and ViiA 7 RUO software (Applied Biosystems, Foster City, CA, uSA) as described previously (14) . In brief, qPCR mixture of 10 µl contains 10 ng of gDNA, Maxima ® SYBR-Green qPCR Master Mix (2X), ROX solution provided (Fermentas, Foster, CA, uSA), and 5 pmol primers. Thermal cycling conditions consist of one cycle of 10 min at 95˚C, followed by 40 cycles of 5 sec at 95˚C, 10 sec at 61˚C and 20 sec at 72˚C. The dissociation value of the amplified PCR product was measured as the temperature inched up at a rate of 0.1˚C/sec from 55˚C to 95˚C. All qPCR experiments were triplicated and relative quantification was performed by the 2 -ΔΔCT (15) . Relative ratios were used to determine whether the status of a CNA is copy number gain (>2) or loss (<0.5).
Statistical analysis. To explore associations of chromosomal copy number changes and clinicopathologic phenotypes, phenotype variables were treated as categorical variables, that is, age, gender, primary site, histologic grade, T stage, cervical lymph node metastasis, presence or absence of lymphovascular invasion, extracapsular spread and recurrence. Differences in the distributions of RARs for each categorical variable were tested using two-sided Fisher's exact test. Disease-specific survival was determined using the Kaplan-Meier method. The Cox proportional hazards model with likelihood ratio statistics was used to identify variables significantly and independently related to survival. P<0.05 was considered to indicate a statistically significant difference, and all calculations were performed using SPSS version 16.0 (SPSS, Chicago, IL, uSA).
Results
Clinicopathological characteristics. The median age was 59.2 years (range, 49-77 years) and all patients were males. The sites of the original primary tumor were oral cavity (11.1%), oropharynx (44.4%), larynx (16.7%) and hypopharynx (27.8%). A majority of them (17/18, 94.4%) were stage T2 and T3, and sixteen patients (89.0%) were cervical lymph node positives. Thirteen patients (72.2%) were lymphovascular invasion positives and nine (50.0%) had extracapsular spread of a metastatic neck node. A total of nine patients (50.0%) had tumor recurrence after CCRT. There was no clinicopathological factors significantly associated with the treatment failure defined as tumor recurrence. Details of clinicopathological characteristics of the study subjects are summarized in Table I .
Copy number alteration profiles in HNSCC.
The overall frequency plot of the CNAs detected in the 18 HNSCCs (9 with and 9 without recurrence) showed that CNAs were not randomly distributed but rather clustered in certain chromosomal segments across the genome (Fig. 1A) . The mean number of CNAs per each HNSCC genome was 41.3±18.6. Patients with recurrence had more CNAs than those without recurrence (mean frequency 57.3±24.9 vs. 25.3±7.2), but the difference did not reach statistical significance. As a whole, 8 chromosomal arms were recurrently (appeared in ≥2 cases) gained on: 2p (11%), 3q (28%), 5p (11%), 7p (11%), 8q (11%), 12p (11%), 18p (11%) and 22q (11%). Also, 8 chromosomal arms were recurrently deleted: 1p (11%), 3p (22%), 4p (11%), 5q (22%), 10p (17%), 13q (17%), 14q (11%) and 21q (17%). Of the recurrent chromosomal arm changes, copy number gains on 7p, 8q and 18p were observed only in the treatment failure group but these differences were not statistically significant.
Recurrently altered chromosomal regions. In addition to the entire chromosomal arm changes, many of the CNAs were regional changes. Some of them were observed recurrently, suggesting their potential contribution to tumorigenesis and progression. To identify the commonly implicated CNAs, we defined RARs. In the present study, chromosomal segments as the union of overlapping CNAs in ≥20% of the 18 HNSCCs were defined as RARs (RAR-G for gains and RAR-L for losses, respectively). A total of 15 RARs (8 RAR-Gs and 7 RAR-Ls) were identified in the 18 HNSCC patients (Table II) . Fig. 2 illustrates the RAR-G on 7p11.2 and RAR-L on 9p21.3 as examples. Of the 15 RARs, a RAR-G on 7p11.2 (RAR-G2: 4.22 Mb-sized, 55.6% in recurrence group vs. 0% in non-recurrence group, P=0.029), and a RAR-G on 18p11.32 (RAR-G8: 4.35 Mb-sized, 44.4% in recurrence group vs. 0% in non-recurrence group, P=0.029) were significantly more common in the HNSCC with recurrence group than in the HNSCC without recurrence group. The well-known (Table III) . Well-known oncogenes (EGFR and CCND1) and tumor suppressor gene (CDKN2A/B) are located in the recurrent (>20%) high-level CNA regions.
RARs associated with the prognosis in HNSCC. univariate survival analysis was performed to assess the implications of the RARs on patient survival. univariate analysis was also performed to identify clinicopathologic features (age, gender, primary site, histologic grade, T stage, cervical lymph node metastasis, lymphovascular invasion, extracapsular spread and recurrence) for inclusion as covariates for Cox regression. Five-year disease-specific survival rates (DSSR) in our cohort were 66%. Among the RARs and clinicopathologic factors, cervical lymph node metastasis (P=0.008), recurrence (P=0.003), RAR-G2 (P<0.001), RAR-G8 (P<0.001), and RAR-L4 (P=0.037) were significantly associated with poor DSSR in the univariate analysis (Fig. 3 ). Multivariate analysis with the three significant RARs and two clinical variables identified on univariate analysis revealed that RAR-G2 [hazard ratio (HR)=40.68, 95% confidence interval (CI): 3.56-464.69, P=0.003] and cervical metastasis (HR=16.38, 95% CI: 1.20-223.11, P=0.036) were significantly associated with poor DSSR (Table IV) . 
Discussion
Despite the various treatment modalities, the poor prognosis of HNSCC has not improved significantly over the last four decades (16) . The lack of success in HNSCC treatment may be primarily due to lack of understanding on the etiology and heterogeneous nature of HNSCC. In the present study, we aimed to explore CNA profiles associated with the resistance after CCRT in HNSCCs. For this, we analyzed the CNAs using high-resolution array-CGH (180K oligoarray) and delineated RARs under the assumption that commonly altered chromosomal segments in CCRT-resistant subgroup may contain essential genes contributing to CCRT resistance. Through this approach, we identified the genetic markers predicting the responsiveness to CCRT following surgery in HNSCC patients. The key alterations identified in the present study, such as amplifications of PIK3CA, EGFR and MYC and deletions of CDKN2A/B and FHIT, were consistent with previous observations in HNSCC, suggesting the reliability of our study (10, 12, 17, 18) . We also identified several novel RARs which have not been reported to be associated with HNSCC previously; RAR-Gs in 12p13 and 12p12 harboring FGF6, FGF23 and PIK3C2G genes and a RAR-L in 8p23.2 harboring CSMD1 gene. To validate the array-CGH results, we performed genomic qPCR validation for the three interesting RARs (RAR-G2, RAR-G8 and RAR-L4) identified by array-CGH and all of the CNAs were consistently defined in the qPCR, suggesting the reliability of our array-CGH analysis and advantage of higher resolution array analysis.
Two RARs, RAR-G2 (7p11.2 encompassing EGFR) and RAR-G8 (18p11.32 encompassing TYMS), were significantly more common in the HNSCC patients with recurrence (CCRT non-responders) than in those without recurrence (CCRT-responders). In the observations of Gao et al, EGFR overexpression was associated with poor survival in HNSCC patients receiving CCRT (19) . Szabó et al examined expression and genetic alteration of EGFR gene by FISH with 71 HNSCC patients and observed that increased copy number and overexpression of the EGFR gene was associated with poor prognosis in HNSCC (20) . However, neither group examined the CNAs involving the responsiveness to CCRT in terms of recurrence. To our knowledge, this is the first report which explored the CNA profiles across the whole genome in HNSCC using high-resolution array-CGH and demonstrated that the copy number gain of 17p11.2 containing EGFR was significantly associated with the CCRT failure. When we assessed the prognostic implications of RARs, the RAR-G2 containing EGFR was the only significantly associated with poor DSSR in multivariate analysis. Previously, increased copy number of EGFR gene was also strongly associated with poorer survival, both overall and recurrence-free, in HNSCC (21) .
In addition to the EGFR, the copy number gain of TYMS (RAR-G8), which codes thymidylate synthase, was also found to be significantly more common in the CCRT non-responders. TYMS catalyzes the conversion of duMP to dTMP, which is essential for DNA biosynthesis (22) . Consistent with our finding, overexpression of TYMS, caused by gene amplification, has been reported to be associated with poor prognosis and resistance to chemotherapeutic agents that target thymi- dylate biosynthesis such as 5-Fu (23) (24) (25) . In the study of Yasumatsu et al exploring the effect of TYMS knockdown in a HNSCC cell line (YCu-N), repressed expression of TYMS increased the cytotoxicity of 5-Fu and inhibited cell proliferation (26) . These data consistently suggest the implication of copy number gain of TYMS in acquiring resistance to 5-Fu, which may contribute to the resistance to CCRT. In this study, a copy number loss of 0.46 Mb-sized locus in 8p23.2, where CSMD1 gene is located, were recurrently observed in the HNSCC patients. The deletion of 8p23 locus has been frequently reported in HNSCCs and through the deletion mapping analysis, CSMD1 gene in this locus has been suggested as a tumor suppressor (27) (28) (29) . The deletion of CSMD1 has been also frequently reported in diverse solid tumors and the underexpression of CSMD1 was reported to be associated with poor prognosis or higher tumor grade (30) (31) (32) . Although copy number loss of CSMD1 gene did not show significant association with CCRT-resistance in our study, there was a tendency of non-responder dominance (3 in non-responders vs. 1 in responders). To our knowledge, this is the first report to identify the frequent copy number loss of CSMD1 gene in HNSCC with CCRT resistance. Larger scale analysis will be required to verify this possibility.
In spite of the interesting findings, there were several limitations to the present study. First of all, due to the limited number of patients treated with primary surgery plus CCRT, some potential CCRT-associated CNAs could be missed. Second, the median follow-up period of this study was relatively short. Prospective, randomized studies using a larger sample will be required to assess the implications of the CNAs identified in the present study on clinical results following different treatment modalities.
In conclusion, we successfully defined novel recurrent genomic alteration regions and known copy number changes in 18 HNSCC with a well-designed high-resolution array CGH. Copy number gain of EGFR (RAR-G2) and TYMS (RAR-G8) were associated with CCRT failure and RAR-G2 was also found to be an independent factor of poor DSSR in HNSCC. Our results and the strategy of analysis will provide useful clues for further studies to elucidate the molecular pathogenesis of HNSCC and to develop biomarkers for designing personalized treatment by predicting the prognosis.
